Objective: To study the effects of visual cues, provided through a portable visual-feedback virtual reality (VR) apparatus, on the walking abilities of patients with multiple sclerosis (MS). Methods: On-line (display-on) and residual short-term therapeutic effects on walking speed and stride length were measured in 16 randomly selected patients with gait disturbances predominantly due to cerebellar ataxia. Results: Patients whose baseline walking speed (BWS) was below the median showed an average on-line improvement of 13.46% in their walking speed, while patients whose BWS was above the median improved their speed by 1.47%. The average short-term residual therapeutic improvement in walking speed was 24.49% in patients with BWS below the median, and 9.09% in patients with BWS above the median. Similar results were obtained for improvements in stride length. These results of improved functions in patients are particularly noteworthy when compared with the lack of change in healthy control subjects. Conclusions: Patients with multiple sclerosis showed improvement in walking abilities using virtual reality visual-feedback cues.
Gait disturbances in patients with multiple sclerosis (MS) may result from pyramidal syndrome (muscle weakness, spasticity), sensory (proprio-kinesthetic perception) disturbances, and general fatigue, as well as incoordination due to cerebellar ataxia. 1 About 85% of patients with MS develop gait problems. 1 Gait limitation results in mobility-related handicaps that can considerably limit the patients' activities of daily living, as well as their social interactions, and, therefore, have major impact on the patients, their families, and society. 2 To date, most studies on gait rehabilitation, whether by means of physiotherapy, occupational therapy, or pharmacologic treatment, have focused on improvement of muscle strength and reduction of spasticity (such as pharmacologic approaches using Baclofen). [3] [4] [5] [6] However, the issue of cerebellar ataxia has gained little scientific attention, resulting in relatively poor treatment options.
Recent research has focused on the search for gait assessment methods, in an attempt to lead to new approaches in intervention and rehabilitation. Typically, these studies consider gait in terms of timedistance measurements, i.e., speed and stride length, and observe their relation to muscle and joint movement analysis, muscular strength, and aerobic conditioning. [7] [8] [9] [10] [11] [12] Patients with ataxia often use visual cues to maintain balance, which is the basis for the Romberg test. The application of virtual reality (VR) technology for the purpose of medical diagnosis and treatment has become widespread in the recent decade. Among its uses in neurologic rehabilitation is the development of motor assessment and training methods, using electromyographic, tactile (haptic), and visual cues. 13 A potential advantage of VR technology for the purpose of motor training is the capacity to provide the trainee with immediate performance feedback. 14 It has been demonstrated that certain sensory stimuli improve the walking abilities of neurologic patients with movement disorders. In particular, moving visual cues, which generate a perception of motion, were found to have a beneficial effect on gait in patients with Parkinson disease (PD). 15, 16 A study of the closed-loop effects of real-world visual cues on the regulation and stabilization of gait 17 has led to the development of a virtual reality apparatus. 18 The closed-loop design employs a sensory feedback system to incorporate the patient's body motions in the display. The use of this apparatus was found effective for gait improvement in patients with PD above and beyond the effects of the open-loop version. 19 In the present study we employed an advanced version of this device to study the effects of visual feedback cues on gait in patients with MS. bellar ataxia, participated in the study. Exclusion criteria were considerable visual deficit not compensated by correction, ocular movement dysfunction (e.g., diplopia, nystagmus), and gait disturbances due to pronounced muscle weakness, spasticity, sensory ataxia, or considerable general fatigue. Disease-related disability was assessed using the Kurtzke Expanded Disability Status Scale (EDSS). 21 In addition, clinical assessment included Cerebellar Functional System Score (CFSS), which grades cerebellar function due to MS on a five-grade score, in which 0 ϭ normal cerebellar function; 1 ϭ abnormal signs without disability; 2 ϭ mild ataxia; 3 ϭ moderate ataxia; 4 ϭ severe ataxia in all limbs or trunk; 5 ϭ unable to perform coordinated movement due to ataxia.
Ambulation assessment. Assessment of patient ambulation, conducted by an impartial independent investigator, was carried out using the ambulation measurements of walking speed (meters/second) and stride length (meters), calculated directly from measurements of time and number of steps needed to complete a fixed track. The control group consisted of 12 healthy individuals. The study was approved by the institutional Helsinki committee and informed consent was obtained from each of the participants once the nature of the procedures had been fully explained. Clinical and personal data of patients and control groups are presented in table E-1 (available on the Neurology Web site at www.neurology.org).
Visual cues were generated by a virtual reality apparatus 18 : a closed-loop head-mounted device, shown in figure E-1. The display, attached to the eyeglasses frame, provides the patient with a virtual tiled floor in a checkerboard arrangement, responding dynamically to the patient's own motion, much like a real floor, fixed in space.
Procedure. All tests were performed at the Multiple Sclerosis Center, Carmel Medical Center, Haifa, Israel, at about the same time in the morning. Examination of each patient comprised four stages, each consisting of the patient walking a straight track of 10 meters: baseline, online display off, online display on, and residual effects.
Stage 1. Baseline walking speed and stride length were measured first, without the device. The patient was verbally instructed to start walking. The time to complete the 10-meter track and the number of steps were recorded four times and averaged.
Stage 2. The device was placed on the patient, but it was not turned on. Walking speed and stride length were again measured four times and averaged. The purpose of this stage was to produce a reference for the effect of the visual cue alone, without the burdening effect of the device.
Stage 3. The display was turned on. The patient was instructed to walk on the virtual tiles along the 10-meter track. Walking speed and stride length were measured four times and averaged.
Stage 4. The device was taken off the patient, who was given a 10-minute break. After the break, the patient was instructed to walk the 10-meter track without the device. Walking speed and stride length were recorded four times and averaged. The purpose of this stage was to measure the residual short-term therapeutic effect of the visual cues.
Results. Clinical features, baseline measurements, and on-line improvement.
The test results for the patients and for the control subjects are summarized in table E-2. Baseline walking speed and stride length of patients before using the device is given first. Walking speed and stride length of patients wearing the device, with the display turned off and on, are given in the "on-lineЉ columns, along with percentage changes between "display off" and "display on." Walking speed and stride length after the break, without the device, are given in the "residual effect" columns, along with percentage changes with respect to the baseline walking speed and stride length.
The percentage improvement in the on-line walking speed of the patients and of the controls with respect to the baseline walking speed is depicted for comparison in figure  1 . Similarly, the residual improvement of the two groups is depicted in figure 2 .
The medians of the baseline walking speed and stride length were 0.994 m/sec and 0.527 m for the patients, and 1.379 m/sec and 0.728 m for the controls.
For the patient group, the on-line walking speed improved, on average, 13.46% in patients below the median and 1.47% in patients above the median. Using the baseline walking speed (BWS) value of 0.7 m/sec as a separation threshold, it was found that the on-line walking speed improved, on average, 20.32% in patients with BWS below the threshold and 1.63% in patients with BWS above the threshold. On-line average improvement in stride length was 9.78% in patients below the median and 5.74% in patients above the median. Using the baseline stride length (BSL) value of 0.45 m as a separation threshold, it was found that the stride length improved, on average, 14.01% in patients with BSL below the threshold and 4.92% in patients with BSL above the threshold.
In contrast to the results for the patients, the results for the controls did not show any particular trend in relation to the baseline walking speed or stride length. Furthermore, using the device did not improve performance; quite the contrary, due to the burdening effect of wearing the device. Indeed, it was found that the on-line walking speed changed, on average, by -5.3% in controls below the median and by -6.36% in controls above the median of the BWS. As in the case of the walking speed, there was an on-line decrease in stride length as a function of the BSL in the controls. The on-line average change in the stride length was also negative, -2.36% in controls below the median BSL and -1.08% in controls above the median. This makes the results for the patients even more noteworthy, since improved apparatus and prolonged training are expected to reduce the burdening effect, hence, further improve performance.
Residual improvement. The residual improvement in the walking speed (see figure 2) was, on average, 24.49% in patients below the median BWS and 9.09% in patients above the median. Average residual improvement in walking speed was 32.61% in patients with BWS below 0.7 m/sec and 9.59% in patients with higher BWS. In contrast, there was no notable residual improvement in the walking speed of the controls (2.49% and 2.36% changes in controls below and above the median BWS). The residual improvement in stride length of the patients was 16.32% in patients below the median BSL and 4.86% in patients above the median. Average residual improvement in stride length was 21.36% in patients with BSL below the 0.45 m threshold and 5.69% in patients with higher BSL. On the other hand, the controls did not show any residual improvement in the stride length (0.08% and -0.74% changes in controls below and above the median BSL).
During the tests, most of the patients reported a new sense of confidence and awareness. Following the tests, patients reported that an image of the tiles remains in their mind. One of the patients called a week after the test, saying that, when she walks, she is still walking on the tiles in her mind. Another patient reported in her subsequent visit that she walked better the whole week following the test.
Discussion. The advantage of VR implementation in neurologic rehabilitation is the ability to control and monitor the delivery of stimuli. 14 Applying this principle, VR assisted methods of rehabilitation have been devised to assess and treat both cognitive deficits and motor disorders. A case in point is the use of VR to provide visual feedback cues to improve gait control in patients with PD. It has been suggested that the series of transverse lines may help trigger step transitions during walk in patients with PD, 15 and the stabilizing effect of such information has been shown. 17 Consequently, the delivery of a tiled floor pattern, responding dynamically to the patient's own motion, through a head-mounted VR device, has been suggested. 18 When aided by the VR device, the gait quality of the patients with PD improved considerably. 19 The potential use of VR in the rehabilitation of patients with dysmetria, spasticity, and muscle weakness, using different stimuli, including haptics and EMG, has been proposed recently. 13 The results of the present study clearly indicate that it is possible to use VR cues, superimposed on the real world in a closed-loop fashion, to help patients with MS control their gait. The degree of improvement, both on-line and residual, was found to be inversely related to the baseline walking speed and stride length. These improvements in performance seem particularly noteworthy when compared to the results obtained for the controls, which showed no meaningful improvement. Above all, our findings regarding residual improvement are particularly encouraging: average short-term residual therapeutic improvement in walking speed was 24.49% in patients with baseline walking speed below the median and 9.09% in patients above the median.
The results of the present study support the potential role of VR-based strategies as rehabilitation modalities in MS, and substantiate their specific implementation in efforts to alleviate, improve, and restore mobility in patients with gait disturbances due to neurologic disorders in general.
Future studies may explore the implications of these results in larger cohort of patients of various clinical subcategories (such as patients with abovemedian walking speed and below-median walking speed). An extended treatment course should be implemented and its effects examined in terms of both the specific functional performance and long-term skill learning. Research that can link VR-enhanced rehabilitation to long-term learning would have added importance in MS, characterized by damage of coordinated interneuronal networks leading to associated dysfunction. Additionally, due to injury of CNS reserves in MS, cerebral reorganization and plasticity may be limited. 22 VR-aided neurorehabilitation that can demonstrate long-term motor skill learning may also elucidate important issues related to the modulation of neuronal networks for better resource allocation, the potential for functional cerebral reorganization, and the notion of interventional/adaptive cerebral plasticity, as part of neurorehabilitation. 22 
